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ABSTRACT
Flexibility, recongurability and wearability technologies for antenna designs are
presented, investigated and merged in this work. Prior to the design of these ra-
diating elements, a study is conducted on several exible substrates and how to
fabricate exible devices. Furthermore, the integration of active devices into the
exible substrates is also investigated. A new approach of designing inkjet-printed
exible recongurable antennas, based on the concept of printed slot elements, is
proposed. An alternate technique to recongure the folded slot antenna is also re-
ported. The proposed radiator works for both Wireless Local Area Network (WLAN)
and Worldwide Interoperability for Microwave Access (WiMAX) applications. The
exible recongurable antenna is also redesigned to resonate at both (2.4/5.2 GHz)
for WLAN devices and its Multiple-Input Multiple-Output (MIMO) conguration is
reported. Two orthogonal elements are used to form the MIMO antenna system for
better isolation.
The wearability of the proposed exible recongurable radiator is also discussed.
Since wearable antennas operate close to the human body, which is considered as
a lossy tissue, an isolation between the radiating elements and human body is re-
quired to improve the radiation characteristics and to reduce the Specic Absorption
Rate (SAR). The proposed antenna is redesigned on an Articial Magnetic Conductor
(AMC) surface that also functions as a ground plane to isolate the radiator from the
human body. To examine its performance as a body-worn device, it is measured at
dierent positions on the human body. Furthermore, simulations show that the SAR
level is reduced when using the AMC surface. The proposed wearable antenna works
for both Wireless Body Area Network (WBAN) and WiMAX body-worn wireless de-
vices.
i
Electromagnetic bandgap (EBG) structures are used to suppress surface wave
propagation in printed antennas. However, due to the presence of vias, not all of
them can be utilized in exible radiators. Thus, a Perforated High Impedance Surface
(PHIS) is proposed which suppresses the surface waves without the need of vias, and
it also serves as a ground plane for exible antennas. The surface wave suppression
and the antenna applications of the proposed PHIS surface are discussed.
ii
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Chapter 1
INTRODUCTION
1.1 Research Motivation and Signicance
In recent years, wireless communication systems have advanced rapidly. Moreover,
the size of these systems have become smaller and smaller due to the swift progress
in electronic technology. Therefore, these advances result in an increasing demand
for aordable, compact, lightweight, and easy to integrate antennas. With the ad-
vancement in wireless technology, other demands arose for antennas designed to deal
with other requirements, such as their capacity and environmental conditions. Today,
antennas are being used in a wide spectrum of applications, such as personal com-
munication, medical, military, entertainment, and space applications. As a result, a
substantial amount of research has been performed to discover new technologies in de-
signing antennas that meet the demands of the new wireless systems. Therefore, this
research has investigated and merged the properties of exibility, recongurability,
and wearability of planar printed antennas. The resulting antenna elements are then
integrated with Articial Magnetic Conductors (AMC) to improve their radiation
characteristics.
During the past decade, exible, recongurable and wearable antennas have re-
ceived an intensive research interest due to the potential that they could be used
in many applications because of their attractive features that can improve the per-
formance of wireless systems when compared with conventional radiator elements.
For instance, exible wearable antennas can be used in wearable medical sensors or
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other health care environmental applications. Advances in technologies have led to
new applications, such as exible mobile devices or exible RFID tags for sensing,
tracking, automatic payment solutions, access control, and other applications. For
military systems, exible antennas can be used as conformal antennas coated to the
aircraft to reduce the complexity of the aircraft structure and its visibility signature
to radar systems.
Antennas are critical components of any wireless system, but individually their
radiation characteristics may be xed. Thus, some wireless systems have more than
one antenna to perform the multiple functions of the system. This results in an
increase in the size and cost of the system. Recongurable antennas are the solution
to overcome this problem. They can extend the functions and applications of basic
antennas due to the ability to change their radiation characteristics. Recongurable
antennas are needed for many applications, such as cognitive radio, MIMO technology,
and space communication. These advantages have led the author to design a exible
recongurable antenna system that is suitable for conformal wireless devices that is
also recongurable so that its radiation characteristics can be changed.
Electromagnetic Bandgap Structures (EBGs), which are also referred to as Arti-
cial Magnetic Conductors (AMCs) or High Impedance Surfaces (HISs), are widely
documented in the literature where they have been shown to improve the radiation
characteristics of antennas, obtain low prole radiators and suppress the Surface
Waves (SWs) in printed antenna systems. Another advantage is using these surfaces
in wearable antenna designs that operate close to the human body which may other-
wise result in impedance mismatch and high Specic Absorption Rate (SAR). AMC
surfaces can be used as isolators to overcome this problem and to improve the radia-
tion eciency of wearable antennas. Conventional EBG/AMC surfaces with metallic
vias can be used to suppress SWs in printed antenna systems. However, the metallic
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vias increases the complexity of designing exible EBG surfaces and using them for
exible antenna applications. The demand for exible EBG surfaces that suppress
SWs without vias, while still maintaining the surface wave suppression, is increasing.
As a result, this work investigates the potential of designing exible EBG surfaces for
exible and wearable antenna applications.
1.2 Research Contributions
The main contributions and advances of this work are the following:
 Developed a compact antenna that is exible and also recongurable for confor-
mal WLAN/WiMAX wireless devices. The proposed antenna is based on the
concept of folded slot antennas, and it is fabricated using inkjet-printing tech-
nology. A new technique to recongure the antenna is based on only one RF
switch (PIN diode) with a simple bias circuit. The antenna is designed, simu-
lated, fabricated and tested for both at and cylindrically curved congurations.
The MIMO conguration is also reported.
 Created a compact antenna design that merges wearability, exibility and re-
congurability of antenna designs into one design. It is designed on an AMC
surface to isolate it from the human body in order to reduce the SAR level and
to improve its performance. The exibility of the antenna is examined, and it
is also measured on a model of a human body to demonstrate its performance.
 Designed a exible EBG/AMC surface without the need of metallic vias. The
surface is referred to as a exible Perforated High Impedance Surface (PHIS),
and it can be used for both surface wave suppression and low prole antenna
applications.
3
1.3 Dissertation Organization
This dissertation consists of seven chapters:
 Chapter 1 includes the importance and the main original contributions of this
work.
 Chapter 2 reviews the research related to exible, recongurable and wearable
antennas.
 Chapter 3 presents the inkjet-printed exible recongurable antenna. It in-
cludes the radiator design and reconguration concepts, and also incorporates
the results and discussion of the new proposed design.
 Chapter 4 introduces the wearability of exible recongurable antenna. It
includes all the design procedures of wearable antennas and also antennas
mounted on AMC surfaces. The radiation characteristics of the antenna is
presented, and its exibility and wearability test are discussed in Chapter 4.
 Chapter 5 presents the exible EBG/AMC surface. It includes the design pro-
cedure of perforated HIS surfaces, and the reection phase and surface wave
suppression analysis.
 Chapter 6 incorporates the conclusions of the research.
 Chapter 7 incorporates the potential future work of the current research.
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Chapter 2
RESEARCH OVERVIEW
This chapter reviews the concept of exibility, wearability and recongurability
of antenna designs. Since the choice of the substrates and the antenna types is the
critical part when designing exible antennas, a comparison between the commercially
available exible substrates and fabrication technologies are discussed. The previous
work on exible and wearable antennas is also reported. The chapter reviews the
reconguration techniques, such as the electrical tunable techniques, of recongurable
antenna designs. The basic concept of a PIN diode (RF switch) and its bias circuit
is explained.
2.1 Flexible and Wearable Antennas
The importance of antennas being exible and wearable has received much interest
from both industry and academic research. Recent advances in thin-lm materials be-
ing used as exible substrates have made exible electronics possible. These advances
have been merged with advances in fabrication technologies, such as inkjet printing,
to be used in fabricating exible electronics and antennas. Flexible electronic devices,
as a newly introduced technology, require exible antennas to make them wireless.
Thus, the eciency of those devices relies on the radiation characteristics of the an-
tennas. An example of a wearable exible electronic device is displayed in Fig. 2.1.
The proposed exible folded slot antenna in this work is shown in Fig. 2.2. Flexible
antennas are convenient for wearable medical devices, where they can be used for
wearable sensor devices on the human body to measure the patients temperature.
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Figure 2.1: Flexible Circuit: Flexible Wireless Temperature Sensor System [1].
2.1.1 Literature Review on Flexible and Wearable Antennas
The choice of the substrate type for exible electronic circuits and antennas is
a challenging task. When the substrate is exible, it is deformable to be mounted
on conformal structures. However, the substrate exibility is not the only criteria
for choosing a exible substrate. A designer of exible antennas must consider and
investigate the other properties of the material such as the electrical, mechanical,
chemical, optical, thermal, and surface roughness properties [2]-[3]. For example,
a paper substrate is a exible material but it has a high loss when compared with
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Figure 2.2: The Proposed Flexible Folded Slot Antenna Printed on PET Material.
other substrates, which aects the radiation eciency of the antenna. Based on the
applications, the exible substrate has to be chosen carefully in order to maintain
an ecient antenna design. This section reviews several examples of exible antenna
designs.
In [4], a exible wearable dipole antenna was designed and fabricated on a fabric
material using conductive threads, as shown in Fig. 2.3, to make it attachable to
human clothes. The locations on the human body at which conventional rigid printed
antennas can be worn are limited. This is not the case when designing antennas on
fabric substrates. However, the fabric substrate suers from absorbing uids which
may aect the performance of the antenna.
In [5], a exible antenna designed on a paper substrate was proposed. The paper
material is cost-eective but it is fragile, and frequent or high levels of bending result
in cracks and associated electrical discontinuities. The dielectric constant of the paper
is r = 3.4, and the loss tangent is tan() = 0.065, which is considered a high loss type
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Figure 2.3: Flexible Antenna Printed on a Fabric Substrate [4].
Figure 2.4: Flexible Antenna Printed on a Paper Substrate [5].
of substrate compared to other commercially available exible materials. The compact
(46 mm25 mm) paper-based antenna displayed in Fig. 2.4 was designed at 2.45 GHz
for WLAN applications, and it was fabricated using inkjet-printing technology.
In [6], exible bowtie antennas were proposed and fabricated on Polyethylene
Naphthalate (PEN) lm, as shown in Fig. 2.5, which is used as a exible substrate.
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Figure 2.5: Flexible Antenna Printed on a PEN Substrate [6].
Figure 2.6: Flexible Antenna Printed on a PET Substrate.
Two antennas were designed: a bow-tie and an outlined bow-tie. It was observed
that the outlined bow-tie antenna, which has reduced metallization, has almost the
same radiation characteristics as the solid bow-tie antenna. The resonant frequencies
of the solid and outlined bow-tie antennas are 7.66 and 7.4 GHz, respectively. The
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size of both antennas is (39 mm  25 mm). Another exible design that is based
on the uidic antenna design was reported in [7]. The antenna is fabricated on
Polydimethylsiloxane (PDMS), which is also considered a exible substrate. PDMS
has a low dielectric constant (r = 2.67) and a high loss tangent [tan() = 0.0375].
The Kapton polymide and Polyethylene Terephthalate (PET) lms are also rec-
ommended materials for exible designs. They are chosen because of the balance
between the electrical and mechanical properties of the substrate. For example, PET
substrate has a low loss tangent [tan()= 0.008] compared with the paper substrate.
Also, to maintain the exibility of the antennas, these lms are available at very low
thicknesses, such as 0.05 mm and 0.1 mm; the dielectric constant is around (r = 3),
and the mechanical strength is excellent. Flexible antennas fabricated using Kapton
polymide and PET material were previously reported in [8]-[9]. Fig. 2.6 shows a
exible antenna printed on PET material.
In this work, we are interested in designing exible printed antennas for conformal
and wearable applications. It is observed from the literature that the selection of the
antenna type is also a challenging task. The microstrip antenna is a well-known
type of printed radiator [10]. However, it is not recommended to be used in exible
conguration because exible substrates are exceedingly thin, resulting in very narrow
frequency bandwidths. It is also recommended to avoid multi-layers of substrates in
designing exible antennas, which is the case of aperture coupled antennas. Printed
or planar monopoles and dipoles are an attractive antenna type for exible antennas
because of their compact size and ease of fabrication [3], [10]. In addition, their
radiation pattern is omni-directional, which is required by most wireless systems.
However, for body-worn antennas, the back radiation is not preferred since it may
increase the SAR level. Moreover, the human body is a lossy tissue so that it may
absorb some of the energy and aect the radiation eciency of the antenna. Thus, an
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isolation surface between the antennas and the human body is required to improve
the radiation eciency and to reduce the SAR level. More details are discussed in
Chapter 4 about the proposed wearable antenna in this work and its integration with
an AMC surface to reduce the SAR level and to improve its radiation characteristics.
2.1.2 Fabrication Technologies for Flexible Antennas
Inkjet-printing fabrication technology is used to fabricate exible antennas. It
is a very simple and inexpensive technique, and it is widely used by manufacturing
companies. This fabrication technique is an additive process which is based on de-
positing copper ink droplets of a certain size onto a exible substrate [3], [11]; it is
unlike photolithography, which is mainly based on removing the unwanted part from
the conductive layer of the substrate. The resulting pattern on the substrate has
a high quality and resolution. There are dierent types of conductive inks, such as
silver, gold, and copper, which aect the quality of the printing. Another factor that
is important for the printing quality is the characteristics of the substrate, such as
the thermal properties. This fabrication technology is a fast process and does not
require a clean room environment.
Another fabrication technology is photolithography, which is a technique that is
based on removing the unwanted parts using a photoresist and etching technique [3].
This technology is widely used for printed circuit boards, and it can be used to fab-
ricate complex geometries of printed antennas and circuits. It is not a fast process
like inkjet printing, and it is a multi-step process with a low productivity technique
when it is compared with inkjet printing technology.
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2.2 Recongurable Antennas
Antennas are a very signicant part of any wireless system, since without antennas
no wireless connectivity can be provided. Therefore, the performance and reliability of
any wireless communication system rely on the radiation characteristics of antennas.
Many types of antennas, such as dipole, monopole, loop, microstrip, reector, slot
and horn radiator elements are commercially available for wireless systems. There are
some requirements or standards for each wireless system, such as the capacity of the
system or the environment conditions. Therefore, some wireless systems have more
than one antenna to meet system requirements, since the radiation characteristics of
certain elements are basically xed [12]. As a result, the cost and the complexity of
the systems might be increased. The use of recongurable antennas is the appropriate
solution to overcome this problem.
Recongurable antennas, proposed in 1983 by D. Schaubert [13], can be dened as
a multifunctional type of antenna which is able to change its radiation characteristics
such as the frequency of operation, polarization, and radiation pattern [12]. When the
radiation characteristics of antennas are changeable, this may help to accommodate
changes in the operating requirements of any wireless system. When recongurable
antennas are compared with broadband antennas, they have other advantages, such
as compact size, the same radiation characteristics for all frequency bands, and the
ability to provide the frequency selectivity of the system, which help to reduce the
co-site interference from other wireless systems [14]. However, there are some issues
and challenges with the design of recongurable antennas and how to integrate them
into a wireless system while maintaining the recongurablity and the functionality of
the antenna. The main goal of using recongurable antennas is to reduce the number
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of them needed for a wireless system. This may help with the reduction of the system
complexity, cost, size, and weight.
Many reconguration techniques have been proposed for antennas. Based on
these techniques, a plethora of recongurable, tunable and active antenna designs
are proposed in the literature. Planar antennas, which are printed on circuit board
substrates, are the recommended antenna type to be used for recongurable designs.
They are recommended because of their simplicity in incorporating active devices to
the antenna design structure. The main reconguration technique is to redistribute
the current on the antennas, allowing them to change their radiation characteristics
[15]. RF components such as PIN diodes are able to connect or disconnect the radiator
parts of the radiating element to change the function of the antenna. For instance,
PIN diodes are used as switches between the radiator parts in order to redistribute
the current and to change the electrical length of the antenna. Once the electrical
length of the antenna is varied, the frequency of operation will change. Dierent
reconguration techniques for antennas are addressed in this section.
Because of the ability to change their properties, recongurable antennas are
needed in advanced wireless systems. Recongurable antennas can be used in many
applications, such as radar, mobile communication, space, cognitive radio, and MIMO
technology wireless systems. For example, a cognitive radio antenna system consists
of two antennas: one is the sensing antenna, which is an ultra-wide-band (UWB)
antenna, while the second antenna is the recongurable antenna, which is used for
frequency selectivity.
Designers of recongurable antennas are required to address the requirements of
the operating systems. These requirements are needed to determine:
 Reconguration property, such as operating frequency bands or pattern.
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 Antenna type for the design requirements.
 Reconguration technique that will be used to recongure the antenna while
maintaining the design requirements.
2.2.1 Reconguration Mechanisms for Antennas
In terms of changing the radiation characteristics, recongurable antennas can be
divided into four groups [16]:
 Reconguration of the operating frequency.
 Reconguration of the radiation pattern.
 Reconguration of the polarization.
 Reconguration of the antenna in term of frequency, radiation pattern, and
polarization.
In the literature, many reconguration techniques have been proposed to recon-
gure the antenna radiation characteristics. The main idea of these techniques was to
redirect the surface current on the antennas in order to change their radiation char-
acteristics. Another way of reconguring an antenna is to change the feeding network
or the structure of the antenna. The reconguration techniques can be summarized
into four groups [16]:
 Electrically recongurable antennas using electronic RF switches such as PIN-
diodes, varactors, and RF-MEMS.
 Optically recongurable antennas using optical switches.
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 Physically recongurable antennas by altering the physical structure.
 Material-based recongurable antennas by using materials like ferrite.
In this work, we used the concept of electrically recongurable antennas. In our
case, we used one PIN diode to design a exible recongurable antenna. The way
the switches are integrated into the antenna structure is critical in designing recon-
gurable antennas because the designer is required to overcome the complexity of the
system. Some design issues that are involved in designing recongurable antennas
include the biasing network for activating/deactivating the switches, non-linearity is-
sues of the switches, and losses or interference that might be created by the switches
and the biasing lines that are used to control the activation of the RF switches.
Having explored the dierent reconguration techniques of recongurable anten-
nas, our plan is to use the electrical reconguration technique. The next step is to
show examples of designing recongurable antennas using the electrical recongura-
tion technique; the rst example uses a PIN diode to recongure the element. A
PIN diode works in two states. When the diode is forward biased, the state is ON,
and when the diode is reversed biased, the state is OFF. In [17], a meander line
antenna with non-uniform ve turns, was proposed. It was recongured by using a
PIN diode to change the electrical length of the meander line in order to tune the op-
erating frequencies between 4G LTE and other wireless communication applications.
Fig. 2.7 shows the proposed antenna in [17]. The second example uses RF-MEMS
to recongure an antenna. In [18], a recongurable rectangular spiral antenna was
presented. Four RF-MEMSs were integrated on the same substrate, and they were
used to connect the ve sections of the antenna structure. The antenna spiral arm
length increased from U to NU, as shown in Fig. 2.8, and the RF-MEMS were used
to control the length of the spiral arm.
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Figure 2.7: The Proposed Antenna System in [17].
Figure 2.8: The Proposed Antenna System in [18].
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Figure 2.9: The Proposed Antenna System in [19].
a new technique based on using varactor diode for reconguring antennas is pro-
posed in the third example [19]. A tunable bandpass lter was designed by changing
its total capacitance using the varactors. The varactor diode operation is based on p-n
junction diode concept, and once the applied voltage changes, its capacitance changes.
The recongurable bandpass lter is added to the feed line of the antenna to make it
recongurable. This technique is unique since no bias lines or active components are
added to the antenna surface. Fig. 2.9 displays the proposed recongurable antenna
of [19].
2.2.2 PIN Diodes
Since this research project investigated the possibility of using PIN diodes to re-
congure a exible antenna, a brief and basic description of the PIN diode is presented
here. According to [20], a PIN diode is a semiconductor device that can be used for
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Figure 2.10: Bias Circuit Conguration of the PIN Diode.
microwave frequency applications as an RF switch or attenuator. The forward-biased
current is used to control the resistance value of the PIN diode, and the PIN diode is
known as a current-controlled resistor. When using a PIN diode for RF applications,
as an RF switch or attenuator, it is important to consider the distortion of the RF
signal and the non-linearity issue for the PIN diode. Also, the bias circuit is another
issue when using the PIN diode for recongurable antennas. A diode has two termi-
nals, anode and cathode. To bias the PIN diode, the anode has to be connected to
a DC voltage source and the cathode to the ground. The general bias circuit of the
PIN diode is shown in Fig. 2.10.
If the PIN diode is activated, which is the case when forward biased, the holes
and electrons are injected to the I-region, as shown in Fig. 2.11(a), which results
in decreasing the resistance of the I-region into a value of resistance (Rs). Based
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Figure 2.11: Equivalent RLC Circuit for PIN Diode.
on that, the PIN diode has a small value of resistance (Rs) when the PIN diode is
activated. Fig. 2.11(b) shows the equivalent circuit for the PIN diode when it is
forward biased. The resistance (Rs) is a function of the forward biased current (IF).
The inductance (Ls) is a small parasitic element that depends on the geometry of the
PIN diode package, and it has little eect on the PIN diode. When the PIN diode
is deactivated, which is the case when reversed biased, there are no charges in the
I-region, and the diode appears as a capacitor (Ct) in parallel with a resistance (Rp).
When the I-region has no charges, it becomes a high resistive region, so the value
of the resistance (Rp) is high. Fig. 2.11(c) shows the equivalent circuit for the PIN
diode when it is reversed biased. More information about the PIN diode theory is
available in [20].
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2.3 Printed Slot Antennas
As discussed earlier, the choice of the antenna type that can be used for both
exible and recongurable antenna designs is challenging. In this work, printed slot
antennas are chosen as the reference antenna, and this section reviews the theory
and the design procedure of slot antennas. Moreover, it explains the concept of slot
antennas and their complementary dipole antennas. Printed slot antennas can be
fabricated with dierent feeding congurations like microstrip feeding line or Copla-
nar Waveguide (CPW) feeding line techniques. Examples of designing printed slot
antennas and folded slot antennas are presented with simulation results computed by
EM simulation software, such as High Frequency Structure Simulation (HFSS).
2.3.1 Slot Antennas
A conventional slot antenna, which is considered as an ecient radiator, is a half-
wavelength (/2) slot on a at metal sheet. Fig. 2.12(a) shows an example of a slot
antenna in a rectangular form cut in a at metal sheet. The length (Ls) of the slot is
/2 at the resonance frequency and the width (Ws) is very small (Ws << ). The
maximum currents are at the two edges of the slot and the currents spread out on
the metal sheet, resulting in equal radiation from both sides of the at sheet [21].
The maximum electric eld is perpendicular to the longer dimensions of the slot. For
instance, if the slot is horizontal, the electric eld, which is perpendicular to the slot,
is vertically polarized. Using an extension of Babinet0s principle by Henry Booker
[22], the impedance and pattern of a slot can be predicted from its complementary
dipole. Fig. 2.12(b) shows the complementary dipole of the slot antenna. As a result,
for a medium with an intrinsic impedance of (), the impedance of the slot (Zs) and
its complementary dipole impedance (Zd) are related by:
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Zs  Zd = 
2
4
(2.1)
The input impedance of the half-wavelength dipole in free space at resonance is
around 73 
. Thus, the input impedance of the half-wavelength (/2) slot, using
(2.1), is given by:
Zs =
2
4Zd
=
(377)2
4 73 = 500
 (2.2)
The impedance of a slot is a function of distance from its center. At the center,
as shown in Fig. 2.13(a), the input impedance is approximately 500 
 (a large
discontinuity relative to common 50 
 transmission lines). Thus, the o-center feed,
as shown in Fig. 2.13(b), can be used to improve the matching. Using the same
extension as Booker0s, we can conclude that the pattern of the slot is similar to the
dipole, but the electric and magnetic elds are interchanged [21].
2.3.2 Microstrip Slot Antennas
Before we discuss the microstrip-fed slot antenna designs, it is benecial to dis-
cuss the structure of microstrip antennas. Microstrip (patch) antennas have three
layers [10]. The top layer is the patch (conductive material), while the middle layer
constitutes the dielectric material (substrate). The bottom layer is the ground plane
(conductive material). Fig. 2.14 displays a microstrip antenna fed by the microstrip
feeding line technique. The bandwidth is very narrow for microstrip antennas, and for
better bandwidth and eciency, it is recommended to use a thicker substrate, which
is not preferable for exible antennas as discussed. The width of the microstrip feed
line is related to the substrate thickness and the dielectric constant. This results
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Figure 2.12: A Half-wavelength (/2) Rectangular Slot in a Flat Metal Sheet and Its
Complementary Dipole.
Figure 2.13: Slot Antennas: a) Center-fed. b) O-center Fed.
in a very small width of the 50 
 feeding line when printed on a very thin exible
substrate, such as PET material. This complicates the fabrication process for exible
antennas.
Microstrip-fed slot antennas (MSAs) have advantages over microstrip antennas,
such as larger bandwidth, ease to fabrication, and bidirectional and unidirectional
radiation patterns. A microstrip-fed rectangular slot antenna is briey described as
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Figure 2.14: Microstrip Antenna Fed by Microstrip Feed Line.
a slot (perforation) on a ground plane of a microstrip line and the slot is normal to
the strip conductor of the printed microstrip feed line [23]. Fig. 2.15 displays the
structure of a microstrip-fed rectangular slot antenna and the antenna is center-fed.
The slot is excited by the elds of the microstrip line, and the strip conductor is ex-
tended beyond the slot edge with a quarter-wavelength length (Lm) and terminated
by an open circuit for better matching. Another feeding technique uses the same strip
conductor to excite the slot, but the slot edge is short-circuited to the strip conduc-
tor, which complicates the fabrication process. Thus, this feeding technique is not
recommended for thin exible antennas. As mentioned in the previous section, the
slot antenna has a high impedance when it is fed at the center. From the literature
[23]-[26], many matching techniques have been proposed to reduce the slot impedance
and to avoid the matching network for the slot antennas.
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Figure 2.15: Microstrip-fed Rectangular Slot Antenna.
To discuss and study the radiation characteristics of a microstrip-fed rectangular
slot antenna, the proposed design in [26] is redesigned to resonate at 2.4 GHz. Fig.
2.16 shows the geometry of the design, which was mainly based on a rectangular
slot placed at the middle of the ground plane. Since the impedance of the slot is
high, a matching technique is required to match the slot antenna to the 50 
 feed
line. For better matching, the antenna is approximately fed by a 97 
 open-circuited
microstrip line followed by the main 50 
 feed line, where both are printed on the
opposite side of the ground. The antenna was designed using FR4 substrate (r=
4.4 and h = 0.6 mm). The length of the slot is a half-guided wavelength (g/2) at
the 2.4 GHz resonant frequency, and the width of the slot needs to be optimized
for better matching. The maximum current is concentrated in the slots edges, as
shown in Fig. 2.17, which exhibits the same current distribution of the conventional
24
Figure 2.16: Geometry of the Design of Microstrip-fed Rectangular Slot Antenna with
a Matching Technique.
half-wavelength slot antenna and demonstrates the concept of the slot antenna in
terms of its complementary dipole. Fig. 2.18 displays the reection coecient of
the rectangular microstrip-fed slot antenna at the 2.4 GHz resonant frequency of the
antenna and it is well matched (S11 -15 dB). Figs. 2.19 to 2.20 display the radiation
patterns of the antenna for both the E plane and H plane at 2.4 GHz. The radiation
pattern for both planes exhibits the same radiation pattern of the conventional slot
antenna, where the E plane (YZ plane) is perpendicular to the horizontal slot and is
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Figure 2.17: The Maximum Current Distribution on the Slot Edges.
vertically polarized. However, for the horizontal dipole, the E plane is parallel to the
dipole and is horizontally polarized.
2.3.3 CPW-Fed Printed Slot Antennas
The microstrip line feeding technique for slot antennas is not recommended when
designing exible antennas because it suers from the need for careful alignment of the
etching and printing on both sides of the substrate [23]. Moreover, it requires using
holes and short pins when incorporating or integrating active devices with the antenna
structure, which is not possible or preferable for exible and recongurable antennas.
This problem can be solved by the use of CPW feed conguration, where both the
ground plane and the feed line are printed on the same side of the substrate. This
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Figure 2.18: The Simulated Reection Coecient of the Design.
Figure 2.19: E-plane (YZ) Radiation Pattern of the Slot Antenna at Resonance (2.4
GHz).
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Figure 2.20: H-plane (XZ) Radiation Pattern of the Slot Antenna at Resonance (2.4
GHz).
is necessary for exible antennas and to integrate active devices for recongurable
antennas. Fig. 2.21 illustrates the schematic of a CPW transmission line, which
consists of three conductors printed on a dielectric substrate as follows: the central
conductor is the feeding line, while the others represent to the ground. The width
of the slot between the feeding line and the ground is denoted by S, while the width
of the feeding line is denoted by W. Those parameters, along with the thickness and
dielectric constant of the substrate, impact the characteristic impedance of the CPW
feeding line.
This section presents an example of a printed slot antenna with CPW feeding
conguration. The antenna design is based on the concept of folded slot antennas.
The radiation resistance of the slot is very high, around 500 
 in free space, as
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Figure 2.21: Schematic of a CPW with Substrate of Finite Thickness.
discussed. Thus, the matching of the slot antenna to the characteristic impedance
of the 50 
 CPW feed line is required. The input impedance of the half-wavelength
dipole at resonance is around 73 
, and for some applications, like TV, a twin-
lead transmission line, which has high characteristic impedance around 300 
, is
used. Thus, it is required to increase the impedance of the dipole which leads to the
folded dipole design. A folded dipole antenna can be used as a step-up impedance
transformer of the half-wavelength dipole [10]. A folded dipole gives two equal parallel
paths of currents with a length of half-wavelength, and the impedance is a factor
of four times the impedance of the half-wavelength dipole. This technique may be
extended to N parallel currents, and the impedance of the folded dipole (Zf d) is scaled
as: Zf d= Zd  N2, where N represents the number of the parallel current paths. Since
the dipole antenna is the complement of the slot antenna, based on an extension of
Babinet0s principle, the folded dipole antenna is the complement of the folded slot
antenna, as shown in Fig. 2.22. In contrast to the folded dipole with N parallel
current paths, the folded slot antenna, as shown in Fig. 2.22(a), consists of N parallel
slots, and the length of each slot is a half-wavelength. The folded slot antenna can
be used as a step-down impedance transformer, where the impedance of the folded
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Figure 2.22: Folded Slot Antenna and Its Complementary Folded Dipole Antenna.
slot (Zf s) in free space is scaled by: Zf s= Zs/N
2, where N represents the number
of the parallel slots [27]. As a result, if the number of the parallel slots increases,
the input impedance of the slots decreases, which is needed for proper matching to
the 50 
 CPW feed line of the slot antenna. However, this relation is limited to
other parameters, such as the thickness and the dielectric constant of the substrate
for printed antennas, which are functions of the antenna impedance.
HFSS numerical simulations were used to design a folded slot antenna with CPW
feeding conguration to demonstrate the concept of reducing the slot impedance. A
stub inside the slot, as shown in Fig. 2.22(a), is symmetrical with respect to the slot
and the CPW feeding line, and is used to reduce the impedance of the slot antenna by
increasing the number of the slots [27]. Fig. 2.23 illustrates folded slot antennas with
dierent numbers of slots. HFSS was used to predict the impedance of a single slot,
and then we evaluated the inuence of the additional slots on the slot impedance. The
folded slot antenna was simulated for two, three, four, and ve slots. The antenna
was designed on a very thin PET exible substrate (r = 3 and h = 0.1 mm). The
antenna was designed to resonate at 2.4 GHz, where the resonance approximately
occurs when the outer circumference of the slot is about one guided wavelength (g).
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Figure 2.23: Folded Slot Antenna with Multiple Number of Slots.
The eective dielectric constant (ef f ) for the CPW feed line, when printed on PET
substrate, is (ef f = 1.23). The length of the slot is about (g/2) at 2.4 GHz. Fig.
2.24 shows the simulated reection coecients of a folded slot antenna with a multiple
number of slots, while Fig. 2.25 displays the simulated impedance of the slot antenna
with a multiple number of slots.
As expected, the simulation impedance of the one slot is about 210 
 at the
resonant frequency of 2.4 GHz. The simulated reection coecient using one slot is
not well matched (S11 > -5 dB) at resonance. It was observed, as displayed in Fig.
2.25, that the slot impedance decreases from 210 
 to almost 50 
 for a folded slot
antenna with ve slots, which is an excellent match for the 50 
 feeding line. The
simulated reection coecient of the ve-slot antenna is well matched
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Figure 2.24: Simulated Reection Coecients with Dierent Number of Slots.
(S11 < -40 dB) at resonance. This is extremely helpful for some slot antenna designs
in order to improve the matching. However, the argument for increasing the number
of slots cannot be carried too far since this leads to an increase in the antenna size
and complicates the fabrication process. The impedance of a folded slot antenna is
controlled by changing the width of the slot. The slot widths (Wa) and (Wb), as
shown in Fig. 2.26, are equal, with a value of W, and the folded slot antenna is
symmetrical in respect to the CPW feed line. According to [28], by increasing the
width Wb, the input impedance can be reduced and matched to the 50 
 feeding
line without increasing the antenna size, as happens for the multiple-slots matching
technique. Fig. 2.27 shows the reection coecients of the folded slot antenna with
dierent widths for Wb. Fig. 2.28 displays the real impedance of the folded slot
antenna with dierent widths for Wb. It was observed from both the simulated
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Figure 2.25: Simulated Real Impedance with Dierent Number of Slots.
reection coecient and the real impedance that the impedance is reduced if the
width Wb increases, and the antenna is well matched at the resonant frequency of
2.4 GHz. The radiation characteristics of the optimized design that is used as the
reference folded slot antenna is discussed in the next chapter.
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Figure 2.26: Symmetrical CPW-Fed Folded Slot Antenna.
Figure 2.27: Simulated Reection Coecients of Dierent Width Values for (Wb).
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Figure 2.28: Simulated Real Impedance of Dierent Width Values for (Wb).
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Chapter 3
INKJET-PRINTED FLEXIBLE RECONFIGURABLE ANTENNA
This chapter reports on the proposed exible recongurable antenna for this
project. The device is designed on a exible PET substrate and inkjet-printing tech-
nology is used to fabricate the prototype. One PIN diode is incorporated on the
antenna surface to redirect and redistribute the surface current resulting in a recon-
gurable antenna in terms of frequency and polarization. When the PIN diode is
forward biased (ON), the antenna has a single band at 2.42 GHz for WLAN wireless
devices. However, when the PIN diode is reversed biased (OFF), the antenna is dual-
band with dierent polarizations at 2.36 GHz and 3.64 GHz for WLAN and WiMAX
wireless devices, respectively. The proposed antenna is simulated, fabricated and
tested for both at and curved geometries, such as circumferential and axial cylindri-
cal congurations, with good agreement between measurements and simulations.
3.1 Introduction
Flexible antenna designs, with xed radiation characteristics, have received a lot
of attention. However, designs with exibility and recongurability are of interest in
many applications. Therefore, in this chapter both exibility and recongurability
were integrated to design an antenna that is exible to be used for conformal ap-
plications and recongurable in its radiation characteristics (resonant frequency and
polarization). Based on the design requirements of the operating systems, the design
methodology can be summarized in three main steps:
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 Determine the antenna type that can be used for both exible and recongurable
antenna designs.
 Determine a exible substrate and fabrication technology.
 Determine the reconguration technique for your antenna design that maintains
both the exibility and recongurability for that antenna design.
According to the literature review, printed antennas, such as monopoles with CPW
feeding techniques, are preferred in exible antenna designs since both the radiating
element and the ground plane are printed on the same side of the substrate, which
reduces the complexity of the fabrication process. Moreover, there is no need for vias
and short pins when incorporating active devices with the antenna structure, which
is desirable for exible recongurable radiators printed on very thin substrates. As
a result, a single folded slot antenna with CPW feeding conguration [29]-[30], was
chosen as the reference for the proposed design because of the wide bandwidth and low
impedance, when compared with other slot antennas. In [30], a broadband and dual-
band folded slot antenna was designed based on o-center CPW feeding technique
to adjust the stub length inside the slot. Here we present another technique based
on RF switches, such as a PIN diode, to redirect and redistribute the current on the
internal stub and to resonate the stub inside the slot.
Slot and folded slot antennas with CPW feeding have been recongured by altering
the slot length to change the resonant frequency [14], [31]-[33]. In [32], PIN diodes
were used to change the antenna resonant frequency by changing the slot length,
and the design does not require a bias circuit. However, via holes and DC wires
were used to activate the PIN diodes, which may degrade the exibility of exible
antennas printed on very thin substrates. In [33], a dual-band recongurable folded
slot antenna was designed by using the same technique. This previous technique
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results in a recongurable antenna in terms of resonant frequency only. However,
the proposed antenna here is exible and recongurable in terms of both resonant
frequency and polarization. One PIN diode is inserted to the stub to redirect and
redistribute the current, and no via holes, short pins or DC wires are connected to
the antenna surface, which preserves the exibility of the proposed design.
The main contributions in this chapter are the following:
 A compact exible and recongurable antenna for WLAN and WiMAX confor-
mal wireless devices is proposed.
 An alternate technique to recongure folded slot antennas is proposed, which
is based on one PIN diode to redirect and redistribute the current on the stub,
resulting in a recongurable antenna.
 A recongurable antenna in terms of both resonant frequency and polarization.
 The proposed antenna systems are designed, simulated and tested.
3.2 Flexible Folded Slot Antenna
This section presents the design of the optimized exible antenna printed on
Polyethylene Terephthalate (PET) lm. The dielectric constant of the substrate is 3,
while the loss tangent is 0.008, and the thickness is about 0.1 mm (0.004 in.). First,
a CPW-fed single band folded slot antenna, which has a single band when fed at
the center, was designed and optimized using HFSS. It resonates when the perimeter
of the slot is about one guided wavelength (g), where g is the guided wavelength
of the 50-ohm CPW feed line. Fig. 3.1 shows the optimized folded slot antenna
and its dimensions are listed in Table 3.1. Fig. 3.2 displays the simulated curved
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Figure 3.1: Geometry of Single Folded Slot Antenna.
antenna in HFSS which was simulated to ensure that the reference antenna can be
used for curved structures. The reection coecients of dierent lengths (Ls) of the
folded slot are shown in Fig. 3.3. The optimized antenna has single band resonant
frequency at 2.4 GHz and its simulated reection coecient, for both at and curved
congurations, is displayed in Fig. 3.4.
The stub is used to reduce the impedance of the slot, and the stub itself is not
radiating. It was observed that for a single band folded slot antenna, the stub inside
the slot is not radiating, since it is symmetrical with respect to the feed line but with
180 degrees phase dierence between the left and right horizontal sections of the stub.
Therefore, the radiation from the right section of the stub cancels the radiation from
the left section of the stub and thus the radiation of the antenna is primarily due to
the slot. To verify this assertion, the direction of the simulated current distribution
on the stub is illustrated in Fig. 3.5 to show that both sides of the stub have an equal
amount of current, but they are out of phase; this results in a non-radiating stub
inside the slot. Fig. 3.6 displays the maximum currents on the folded slot antenna
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Table 3.1: Dimensions of the Proposed Flexible Folded Slot Antenna
Parameters Dimensions Parameters Dimensions
(mm) (mm)
Lg 59 Lf 25.5
Wg 31 Wf 6
Ls 53 g 0.2
Ws 4.75 Wa 0.5
Lt 52 Wb 3.25
Wt 1
Figure 3.2: Geometry of the Simulated Curved Single Folded Slot Antenna in HFSS.
which concentrate on the slot edges, which proves that the optimized antenna exhibits
the same behavior of the conventional slot antenna, as discussed in Chapter 2.
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Figure 3.3: Reection Coecients of Dierent Lengths (Ls) of the Folded Slot An-
tenna.
After the antenna design was optimized using HFSS, it was fabricated on the PET
exible material using inkjet-printing technology provided by CIT Technology Ltd.,
Cambridge, England and using a MetalJet6000i inkjet printer. The printer has 360
dpi (dots per inch) resolution, and is used to deposit the catalytic ink onto the PET
substrate. After that, the printed substrate is placed into a copper plating solution to
produce the copper metal on the PET substrate, which has a total thickness of 1.5 m
and the conductivity of the copper metal is about 2107 S/m, which corresponds to a
sheet resistance of 0.03 ohms/square. Fig. 3.7 shows the fabricated exible antenna,
and a good agreement between the measured and simulated reection coecients at
2.42 GHz was achieved as shown Fig. 3.8.
41
Figure 3.4: Simulated Reection Coecient of the Optimized Flat/Curved Folded
Slot Antenna.
Figure 3.5: Current Directions on the Symmetric Stub Inside the Slot.
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Figure 3.6: Simulated Maximum Current Distributions at 2.4 GHz Resonance.
Figure 3.7: The Fabricated Prototype of the Proposed Flexible Antenna.
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Figure 3.8: Simulated and Measured Reection Coecients of the Fabricated Flexible
Flat Antenna.
3.3 Flexible Recongurable Antenna
After the proposed exible folded slot antenna was designed, fabricated and ex-
amined, the next step is to discuss the reconguration of the reference folded slot
antenna. The previous work on recongurable folded slot antennas is mainly based
on changing the slot length in order to change the resonant frequency of the antenna.
Fig. 3.9 displays the recongurable folded slot antenna presented in [32], where four
PIN diodes were used to change the length of the slot, which resulted in changing
the resonant frequency of the slot antenna. This reconguration technique is used
for a frequency recongurable antenna, and it requires via holes and DC feed lines
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Figure 3.9: Recongurable Antenna of [32].
connected to the antenna surface to activate the PIN diodes. This may degrade the
exibility when the antenna is printed on a very thin exible substrate. Instead, an
alternative reconguration design was used here which minimizes the number of PIN
diodes.
A new approach to recongure the folded slot antenna was undertaken and ex-
amined in this research. It is based on one PIN diode, as shown in Fig. 3.10(a),
which is used to redirect and redistribute the current on the stub, and to adjust the
stub length inside the slot to be symmetric or asymmetric with respect to the CPW
feed line. The stub inside the slot is divided into left stub (T1) and right stubs (T2
and T3). The reconguration scenario is based on the status of the PIN diode where
the switch is chosen to be in the middle of the right stub, as shown in Fig. 3.10(a).
For reversed biased (OFF), the switch is used to redirect and redistribute the current
on the internal stub, which results in a radiating dipole type of stub for a second
resonant frequency with a polarization orthogonal to that of the slot. In this case,
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the active stubs are T1 and T2, which form an asymmetrical stub with respect to the
CPW feed line. To verify this assertion, the directions of the redirected and redis-
tributed current distribution on stubs T1 and T2, are illustrated in Fig. 3.10(b). The
diode is used to redirect the current on the right stub to be in-phase with current on
the left stub. In this case, the proposed antenna resonates as a dual-band, linearly
polarized with two dierent polarizations: one polarization is due to the slot while
the other one (orthogonal to it) is due to the stub inside the slot (the stub acts as
a dipole). For forward biasing (ON), an additional stub T3, is connected to stub T2
through the PIN diode, which is used to mismatch or eliminate the second resonant
frequency. The active stubs are T1, T2 and T3 and they form one larger stub, which
is symmetrical to the feed line. The current distribution on the stub is shown in Fig.
3.10(c) to illustrate that both sides of the stub have equal in magnitude but out of
phase current distribution. In this case, the antenna has a single band with single
linear polarization due only to the slot.
The proposed exible recongurable antenna was designed, simulated and exam-
ined. Figs. 3.11 and 3.12 display the fabricated prototype and its bias circuit for
the PIN diode. As discussed, the CPW feeding conguration makes the fabrication
of exible antennas and the integration of active devices onto exible antennas eas-
ier. The proposed antenna is fed by a bias tee circuit, as shown in Fig. 3.12, which
supplies both the RF signal for the radiator and the DC bias for the PIN diode
(BAR64-03W) from Inneon. This is extremely useful for exible radiators since no
wires are connected to the antenna surface, which may degrade the exibility and the
radiation characteristics of the antenna. The chip RF choke inductor (56 nH) from
Murata (LQW18AN56NG00D), has a Self-Resonant Frequency (SRF) of 2.4 GHz;
the SRF was chosen at the operating frequency of the antenna. Another RF choke
with a higher SRF (3.8 GHz) was also simulated, in place of the one with SRF of
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Figure 3.10: a) Reconguration Technique. b) Surface Current Directions for Re-
versed Biased. c) Surface Current Directions for Forward Biased.
2.4 GHz, and the reection coecients of the antenna performance for both RF chokes
was nearly identical. The RF choke in this case is used to provide a DC ground to the
cathode of the PIN diode and to block the RF signal from owing to the ground. Both
the PIN diode and the RF choke were soldered to the exible substrate using low tem-
perature tin-bismuth solder paste. It was required to have a temperature-controlled
soldering iron to avoid burning the very thin PET material. The measurements were
performed in the ElectroMagnetic Anechoic Chamber (EMAC) of Arizona State Uni-
versity (ASU).
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Figure 3.11: Fabricated Prototype of the Proposed Flexible Recongurable Antenna.
To ensure that the proposed antenna is a good radiator for conformal applications,
the antenna was tested for reection coecients, amplitude patterns and gain, for
both at and curved congurations. For the two states of the PIN diode, the simulated
and measured reection coecients for the at conguration are shown in Figs. 3.13
and 3.14. The maximum currents for both the slot and the stub are shown in Figs.
3.15 and 3.16. The simulated and measured patterns for the at conguration are
displayed in Figs. 3.17, 3.18 and 3.19. It is observed that good agreements between
measurements and simulations are achieved, and the antenna is well matched at the
resonant frequencies. However, since the simulation does not include the parasitic
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Figure 3.12: Bias Circuit of the Proposed Flexible Recongurable Antenna.
eects of the device packaging and also due to the alignment or metallization problems
during the fabrication, there is a slightly shift in frequency between measured and
simulated results.
To illustrate the polarization of the at conguration of the proposed design, let
us consider that the slot and the stub for the at conguration are oriented horizon-
tally and parallel to the XY plane based on the coordinate system in Fig. 3.1. When
the PIN diode is forward biased (ON), the proposed antenna has a single band due
to the slot at 2.42 GHz with a -10 dB measured impedance bandwidth of 0.16 GHz
(2.34-2.5 GHz) for Wireless Local Area Network (WLAN) applications. The E plane
(XZ plane) at 2.42 GHz is perpendicular to the horizontal slot and it is vertically
polarized, while the H plane is the XY plane. When the PIN diode is reversed
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Figure 3.13: Comparison Between Measured and Simulated Reection Coecients
for Forward (ON) Biased of the Flat Conguration.
Figure 3.14: Comparison Between Measured and Simulated Reection Coecients
for Reversed (OFF) Biased of the Flat Conguration.
biased (OFF), the proposed antenna is dual-band with two polarizations. One po-
larization is vertical due to the slot at 2.36 GHz with a -10 dB measured impedance
bandwidth of 0.18 GHz (2.27-2.45 GHz), and the other polarization is horizontal due
to the stub inside the slot at 3.64 GHz with a -10 dB measured impedance bandwidth
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Figure 3.15: Simulated Maximum Current Distributions of the Slot at 2.4 GHz Res-
onance.
Figure 3.16: Simulated Maximum Current Distributions of the Stub at 3.6 GHz
Resonance.
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of 0.27 GHz (3.5-3.77 GHz). This provides WLAN and Worldwide Interoperability
for Microwave Access (WiMAX) for wireless systems. The patterns at 2.36 GHz are
identical to the forward biased case. However, since the stub acts as a dipole, the E
plane, which is the XY plane, is parallel to the stub, and it is horizontally polarized.
The H plane of the radiating stub is the XZ plane, which is perpendicular to the
horizontal stub. The radiation patterns from the slot are dipole type, but with the E
plane and H plane interchanged, which demonstrate the concept of the dipole being
the complement of the slot according to Babinet's principle [10]. For clarity, the cross
polarization is not shown in the presented patterns, but low-level of simulated cross
polarization ( -15 dB) was maintained for the forward biased case. However, for the
reversed biased case, since the stub is radiating, a higher level of cross polarization
was obtained.
Two curved congurations (circumferential and axial) [34], with a radius of
R = 25 mm, were used to test the antenna for conformal applications. The circum-
ferential conguration, as shown in Fig. 3.20(a), is when the length of the slot is
perpendicular to the axis of the cylinder (z-axis), while the axial conguration, as
shown in Fig. 3.20(b), is when the length of the slot is parallel to the axis of the
cylinder (z-axis). For both circumferential and axial congurations, the measured
and simulated reection coecients for the two states of the PIN diode, are shown in
Figs. 3.21 and 3.22. The reection coecients are identical to those for the at cong-
uration, which indicates that the proposed antenna maintains its resonant frequencies
for conformal applications. The patterns are also presented for the circumferential
and axial congurations and compared in Fig. 3.23 with the at conguration.
For conformal congurations, the pattern changes are expected since the entire
surface of the antenna is not parallel to the principle axes. Thus, the changes in the
null ling, symmetry and orientation of patterns are due to the non-planar structure
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Figure 3.17: Measured and Simulated Radiation Patterns for the Flat Conguration
of the Slot at 2.42 GHz (Diode Is ON): a) E Plane (XZ). b) H Plane (XY).
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Figure 3.18: Measured and Simulated Radiation Patterns for the Flat Conguration
of the Slot at 2.4 GHz (Diode Is OFF): a) E Plane (XZ). b) H Plane (XY).
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Figure 3.19: Measured and Simulated Radiation Patterns for the Flat Conguration
of the Stub at 3.64 GHz (Diode Is OFF): a) E Plane (XY). b) H Plane (XZ).
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Figure 3.20: Fabricated Curved Prototype for Both Circumferential and Axial Con-
gurations.
of the antenna, which contributes to the changes in the antenna patterns for both
circumferential and axial congurations. When the antenna is mounted on a at
surface, the energy radiates primarily in the forward hemisphere. However, when the
antenna is mounted on a cylinder, the antenna (slot and stub) is also curved and
it radiates energy not only in the forward hemisphere but also sheds energy around
the cylinder surface; thus the gain of the antenna (slot and stub) is inuenced by
its congurations (circumferential and axial) and the polarization of the respective E
and H planes.
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For the circumferential conguration, the E-plane of the slot is perpendicular to
the curvature of the cylinder; so for both states of the PIN diode the intensity of
the slot pattern in the back region, as shown in Fig. 3.23(a), is reduced resulting in
slightly higher gain compared to the at conguration. However, the E-plane of the
stub is parallel to the curvature of the cylinder; therefore, its pattern, as shown in Fig.
3.23(b), is broader; thus the gain is decreased in comparison to the at conguration.
Table 3.2: Gain Comparison Between Flat, Circumferential and Axial
Frequency Flat Circumf R = 25 mm Axial R = 25 mm
(GHz) Gain(dB) Gain(dB) Gain(dB)
2.42 (ON) 1 2 0.5
2.36 (OFF) 0.7 1.5 0.6
3.64 (OFF) 0.79 -3 1.75
For the axial conguration, the E plane of the slot is parallel to the curvature
of the cylinder. Thus, as expected, for both states of the PIN diode, the pattern is
slightly broader than the at pattern, as shown in Fig. 3.23(a), and as a result the
gain is slightly decreased. For the stub, the E plane is perpendicular to the curvature
of the cylinder, and the intensity of the radiation pattern in the back region, as shown
in Fig. 3.23(b), is reduced resulting in higher gain compared to the at conguration.
Table 3.2 tabulates a comparison between the measured gains at broadside for the
at, circumferential and axial congurations.
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Figure 3.21: Measured and Simulated Reection Coecients for Circumferential Con-
guration (R = 25 mm) for Both Forward (ON) and Reversed (OFF) Biased.
Figure 3.22: Measured and Simulated Reection Coecients for Axial Conguration
(R = 25 mm) for Both Forward (ON) and Reversed (OFF) Biased.
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Figure 3.23: Comparison Between the Patterns for Flat, Axial and Circumferential
Congurations (R = 25 mm): a) E Plane for the Slot. b) E Plane for the Stub.
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Figure 3.24: The Redesigned Recongurable Folded Slot Antenna Element.
3.4 Flexible Recongurable Antenna with MIMO Conguration
Multiple-Input Multiple-Output (MIMO) systems are used to improve the perfor-
mance of wireless systems. They are also used to make antenna systems that improve
the channel capacity and the diversity performance [35]. Recongurable MIMO an-
tenna systems were previously reported in [36]-[37], where they can be used to enhance
the diversity of conventional MIMO antenna systems and also can be used for future
cognitive radio applications. A exible recongurable MIMO antenna system is also
proposed in this work, so that the antenna system is used for conformal applications.
The previous reference antenna is redesigned on a exible substrate Rogers (RO3003)
[r = 3, tan() = 0.0013 and h= 1.52 mm], as shown in Fig. 3.24, to work either in
single band at 2.4 GHz or dual-band at 2.4/5.2 GHz WLAN applications based on
the state of the PIN diode. The dimensions of the new element are listed in Table
3.3. Fig. 3.25 illustrates the reection coecients of each single element while Fig.
3.26 displays the geometries of the proposed MIMO antenna system.
Since the antenna element consists of the slot and stub and both have orthogonal
polarization to each other, this should be taken into consideration when placing the
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Table 3.3: Dimensions of the Single Element of the MIMO Conguration
Parameters Dimensions Parameters Dimensions
(mm) (mm)
Lg 54.5 Lf 20.4
Wg 24 Wf 3.6
Ls 44.5 g 0.3
Ws 1.4 Wa 0.5
LT 20.4 Wb 0.4
WT 0.5 Fs 1.5
Lex 3 SW 8
Figure 3.25: Simulated Reection Coecients of the Single Element for Both States
(ON/OFF).
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Figure 3.26: Recongurable MIMO Antenna Conguration.
MIMO antenna elements to maintain high isolation. Thus, to achieve better iso-
lation, the two antenna elements are placed orthogonally, as shown in Fig. 3.26, to
form the MIMO antenna conguration. The spacing distance between the antenna
elements is about /10 at 2.4 GHz. The proposed MIMO antenna system is also
designed on a exible substrate so that it can be mounted on conformal structures.
Figs. 3.27 and 3.28 display the simulated reection coecients for the at con-
guration of the proposed MIMO antenna system for both states of the PIN diode.
The resonant frequencies from each antenna element are almost identical. As similar
to the antenna element, the MIMO antenna system has either single band (2.4 GHz)
or dual-band (2.4/5.2 GHz) operation based on the status of the PIN diode. The
coupling (S12) between the antenna elements is also studied, and it is observed that
low coupling (below -15 dB) is achieved for both the slot and stub. The Envelope
Correlation Coecient (ECC), as discussed in [35], is also calculated using HFSS for
both states of the PIN diode, as shown in Fig. 3.29. The values of ECC are below
0.1 for all resonant frequencies, which is excellent for MIMO antenna systems.
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Figure 3.27: Simulated S-parameters of the Recongurable MIMO Antenna When
the PIN Diode Is ON.
Figure 3.28: Simulated S-parameters of the Recongurable MIMO Antenna When
the PIN Diode Is OFF.
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Figure 3.29: Simulated ECC Values for All Resonant Frequencies for Both States of
the PIN Diode.
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Chapter 4
WEARABLE FLEXIBLE RECONFIGURABLE ANTENNA
This chapter presents and discusses a wearable exible recongurable folded slot
antenna. The antenna is composed of a folded slot and a stub where the recongura-
bility is achieved by turning a PIN diode ON and OFF, which alters the radiation
characteristics of the stub. The operating frequency and polarization of the slot and
stub are dierent. Hence, a polarization dependent dual-band AMC surface is in-
tegrated with the antenna to improve its radiation performance and to reduce the
Specic Absorption Rate (SAR). The antenna is designed and fabricated on a exible
substrate, and its performance is measured for both at and curved congurations.
The measurements show an excellent agreement with the simulations. To examine
its performance as a wearable antenna, it is placed and measured on a human body.
Simulations show that the SAR level is reduced when the AMC surface is used as
an isolator. The proposed wearable antenna structure can be used for Wireless Body
Area Network (WBAN) and WiMAX body-worn wireless devices.
4.1 Introduction
Wireless Body Area Network (WBAN) is an active research topic, especially in the
healthcare area, as it provides cost ecient and continuous monitoring of patients over
a wide range of accessibility. In such a system, an array of body sensors is connected
to a communication unit which collects the data and sends it to a health center [38].
This unit can either be located near or worn directly by the patient to minimize
the impact on daily life activities. Hence, wearable antenna designs have attracted
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considerable interest, to be utilized in similar on-body applications [39], [40]-[45];
however maintaining acceptable radiation characteristics with low levels of Specic
Absorption Rate (SAR) is a challenging task. In addition, antennas are preferred to
be exible and conformal to the human body [6], [46]-[47]. The impact of the human
body, which is considered as a lossy tissue, on the radiation eciency is critical.
Thus, it is recommended to use antennas that have uni-directional patterns, such as
microstrips, or elements that have isolators to reduce the impact of the human body
on their performance and to reduce the SAR level. Wearable antennas consisting of
Perfect Electric Conductors (PECs) are not preferred for low prole applications due
to the quarter wavelength height required to increase the radiation eciency [10],
which increases the overall size and also makes the exibility and recongurability of
the antenna more challenging.
AMC surfaces are being used as ground planes for low prole applications as
discussed in [34], [48]-[50]. Thus, an AMC surface can be used as an isolator in
wearable antenna applications, and they have been reported in the literature [42]-[45].
In [42], a dual-band textile antenna operating at 2.45 GHz and 5 GHz, which was
printed on a dual-band EBG substrate, was proposed. The back radiation was reduced
by 10 dB while the antenna gain increased by 3 dB. In [43], an inkjet-printed, low
prole, Coplanar Waveguide (CPW) fed antenna was fabricated on a Jerusalem Cross
AMC structure for bandwidth enhancement and SAR reduction. The front-to-back
ratio and gain were increased by 8 dB and 3.7 dB, respectively, and a 64% reduction
in SAR level was obtained. However, none of these antennas are recongurable.
In this chapter, we are proposing a novel exible recongurable antenna for a
wearable remote patient monitoring system, where the data transfer between the
communication unit, the sensors and the health center is performed over WBAN and
WiMAX bands, respectively. The recongurable antenna does not require a complex
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Figure 4.1: Recongurable Folded Slot Antenna.
bias circuitry, and it radiates orthogonally-polarized waves in theWBAN andWiMAX
bands, which provides extra isolation. The SAR level is signicantly reduced by the
use of the dual-band, polarization dependent AMC surface.
4.2 Antenna and AMC Surface Design
The reference antenna element as discussed in Chapter 3 consists of three parts:
a 50-ohm CPW feed line, a slot, and a stub, as shown in Fig. 4.1. It is redesigned
to resonate over the AMC surface and its dimensions are listed in Table 4.1. If the
stub inside the slot is symmetrical with respect to the CPW feed line, it does not
radiate and the antenna has a single operating frequency from the slot only. On the
other hand, if the stub is asymmetrical with respect to the feed line, then the current
on the stub is redirected resulting in a dipole-type radiation. Thus, the folded slot
antenna can be recongured by changing the length of the stub. This can be achieved
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Table 4.1: Dimensions of the Recongurable Folded Slot Antenna
Parameters Dimensions Parameters Dimensions
(mm) (mm)
Lg 83 Lf 46
Wg 89 Wf 3.6
Ls 51 g 0.2
Ws 5.3 Wa 0.5
Lt 52 Wb 4
Wt 1 SW 8
Figure 4.2: A Polarization-Dependent AMC Surface Design (33) Unit Cells. AMC
Design Dimensions: Wg = 89 mm, Lg = 83 mm, Px = 23 mm, Py = 29 mm, gx =
3.5 mm, gy = 0.5 mm.
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Figure 4.3: Reection Phase of a Rectangular Patch Unit Cell of the AMC Surface.
by utilizing a PIN diode, and turning it ON and OFF, with the aid of a simple bias
circuitry, as discussed in Chapter 3. If the diode is OFF, the antenna has dual-band
operation and both the slot and the stub resonate with orthogonal polarizations,
according to the Babinet's principle [10]. Based on the coordinate system of Fig. 4.1,
the slot is y-polarized while the stub is x-polarized.
To reduce the backward radiation and lower the SAR level, the antenna is placed
on an AMC surface, which considerably lowers the prole of the entire structure,
compared to a PEC. Since the antenna has two operating bands with orthogonal
polarizations, the AMC surface should also have two separate bands with dierent
polarizations. To achieve this, a rectangular patch is utilized as the unit cell of the
AMC, as shown in Fig. 4.2. The AMC surface consists of 9 unit cells (3x3) to
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maintain a compact size and a reasonably low backward radiation. The total size of
the structure measures approximately 0.71 x 0.66 at 2.4 GHz. The AMC has a
zero reection phase at 2.4 GHz and 3.4 GHz for y- and x-polarized normal incident
plane waves, respectively. Fig. 4.3 displays the reection phase of the proposed AMC
surface.
The entire structure consists of 3 layers: the exible recongurable antenna on top,
the AMC surface on the bottom and a exible foam material in between. Both the
antenna and the AMC were fabricated, using an etching process, on Rogers RO3003
exible substrate, with a dielectric constant and a loss tangent of 3 and 0.0013,
respectively; the thickness of the substrate was 1.52 mm. The fabricated prototypes
of the proposed antenna structure are displayed in Figs. 4.4 and 4.5.
Unlike a wire dipole, the CPW-fed folded slot antenna has a ground plane around
the slot and if it is backed by an AMC surface, the coupling between the ground
plane and the AMC may decrease the radiation eciency and change the impedance
matching. Hence, the antenna geometry and its height should be optimized to min-
imize the coupling and maintain good impedance matching. The antenna is placed
approximately /20 at 2.4 GHz above the AMC surface, and a exible foam material
is used to ll the space between the radiating element and the AMC surface. The
High Frequency Structure Simulator (HFSS) is used to design and simulate the entire
antenna structure. Fig. 4.6 shows the simulated reection coecients, for dierent
states of the PIN diode (ON/OFF), and with and without the (AMC/PEC) surfaces.
It is observed that the matching is better when using the AMC surface.
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Figure 4.4: Fabricated Prototypes of the Antenna and AMC Surface.
4.3 Results and Discussion
To examine the performance of the proposed wearable antenna backed by an AMC
surface, the radiation characteristics, such as the reection coecients and the radi-
ation patterns, were measured and compared with the predicted results. In
Figs. 4.7 and 4.8, a comparison between measured and simulated reection coe-
cients of the proposed structure for dierent states of the PIN diode are displayed; an
excellent agreement is achieved between simulations and measurements. The maxi-
mum currents for the folded slot antenna at 2.45 and 3.3 GHz are shown in Figs. 4.9
and 4.10, which illustrate that both the slot and the stub are resonating above the
AMC surface. If the PIN diode is ON, the proposed antenna structure is single band
from the slot, and it works at 2.45 GHz with a -10 dB measured impedance bandwidth
of 0.1 GHz (2.4-2.5 GHz) for WBAN applications of wearable devices. However, if
the PIN diode is OFF, the antenna structure is dual band from the slot at 2.45 GHz
with a -10 dB measured impedance bandwidth of 0.17 GHz (2.35-2.52 GHz) and the
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Figure 4.5: The Entire Antenna Structure.
stub at 3.3 GHz with a -10 dB measured impedance bandwidth of 0.1 GHz (3.28-3.38
GHz). In this case, the antenna can be used for both WBAN and WiMAX wireless
applications. The measured and simulated radiation patterns for dierent states of
the PIN diode of the proposed structure are displayed in Figs. 4.11, 4.12 and 4.13.
It is clear that the AMC surface reduces the back radiation, which will result in SAR
level reduction. Table 4.2 lists a comparison between the gains at broadside
( = 0), with and without the AMC surface. It is observed that with the AMC surface
the gain of the antenna is enhanced by about 3.6 dB for the slot and 2.4 dB for the
stub congurations.
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Figure 4.6: The Simulated Reection Coecients of the Proposed Antenna with and
Without the (AMC/PEC) Surfaces.
It should be mentioned that if a larger AMC surface (more unit cells) is used, the
antenna gain can be increased with further reduction in the back radiation. However,
this will increase the overall size, which is not preferred.
For wearable applications, the exibility test of the antenna is required to ensure
that it can be worn or conformed on a human body. Figs. 4.14 and 4.15 illustrate the
antenna when it is curved and mounted on a human body (leg). To ensure that the
proposed antenna maintains its resonant frequencies when it is bent or conformed on
a curved structure, it was tested for the reection coecients of the curved structure
and compared with the reection coecients of the at conguration. The compari-
son is displayed in Fig. 4.16, which indicates that the resonant frequencies for both
at and curved congurations are the same. The wearability of the proposed antenna,
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Figure 4.7: Measured and Simulated Reection Coecients of the Proposed Antenna
Structure for the ON State of the PIN Diode.
Figure 4.8: Measured and Simulated Reection Coecients of the Proposed Antenna
Structure for the OFF State of the PIN Diode.
when it is mounted on human body tissue, as shown in 4.15, must be examined to test
the impedance mismatch due the impact of human body tissue on its performance.
The measured reection coecients are also shown in Fig. 4.16 for dierent states
(ON/OFF) of the PIN diode; the antenna maintains its resonant frequencies.
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Figure 4.9: Simulated Maximum Current Distributions of the Slot at 2.45 GHz Res-
onance.
Figure 4.10: Simulated Maximum Current Distributions of the Stub at 3.3 GHz
Resonance.
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Figure 4.11: Measured and Simulated Radiation Patterns of the Proposed Structure
at 2.45 GHz (Diode Is ON): a) E Plane. b) H Plane.
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Figure 4.12: Measured and Simulated Radiation Patterns of the Proposed Structure
at 2.45 GHz (Diode Is OFF): a) E Plane. b) H Plane.
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Figure 4.13: Measured and Simulated Radiation Patterns of the Proposed Structure
at 3.3 GHz (Diode Is OFF): a) E Plane. b) H Plane.
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Table 4.2: Gain Comparison With/Without the AMC
Frequency Antenna without AMC Antenna with AMC
(GHz) Gain (dB) Gain (dB)
2.45 (ON) 2.7 6.4
2.45 (OFF) 2.6 6.2
3.3 (OFF) 0.6 3.0
Figure 4.14: Fabricated Prototype of the Curved Antenna Structure.
Another performance metric is the SAR level, which is a factor or a standard that
represents the amount of electromagnetic power absorbed by the human body. Ac-
cording to the Federal Communication Commission (FCC), the standard maximum
permitted value of SAR level is about 1.6 W/kg in 1 gram of tissue [51]. The funda-
mental equation of calculating the SAR level is represented by (4.1), where  is the
conductivity and  is the mass density of the tissue, and E is the electric eld [51]:
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Figure 4.15: Fabricated Prototype of the Antenna Structure Placed on Human Body.
SAR =
jE2j

(4.1)
The SAR level of the proposed antenna was examined by modeling a human head
in HFSS, as illustrated in Fig. 4.17, with a dielectric constant (r) of 39.2, a conduc-
tivity () of 1.8 S/m and a mass density of 1000 kg/m3 [51]. The accepted power by
the antenna is about 0.1 W, and the distance between the antenna (with/without the
AMC surface) and the human head is about 1 mm. Figs. 4.18, 4.19 and 4.20 show
the averaged SAR values over 1 gram without the AMC surface for two states of the
diode (ON/OFF) and the antenna resonates at 2.45 GHz and 3.3 GHz. It is clear that
the SAR is above 1.6 W/kg, which is not preferred for wearable applications. Figs.
4.21, 4.22 and 4.23 display the averaged SAR values over 1 gram with the presence
of the AMC surface; it is evident that a signicant SAR reduction is obtained by
using the AMC surface. Based on the scale in the gures, the maximum SAR value
is reduced from 2 W/kg to 0.29 W/kg after using the AMC surface as an isolator.
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Figure 4.16: The Measured Reection Coecients of the Proposed Antenna Structure
for Dierent Congurations: Flat, Curved and Antenna on Human Body (Leg).
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Figure 4.17: The SAR Simulation Setup in HFSS.
Figure 4.18: The Averaged SAR Values at 2.45 GHz of the Antenna Without AMC
Surface (Diode Is ON).
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Figure 4.19: The Averaged SAR Values at 2.45 GHz of the Antenna Without AMC
Surface (Diode Is OFF).
Figure 4.20: The Averaged SAR Values at 3.3 GHz of the Antenna Without AMC
Surface (Diode Is OFF).
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Figure 4.21: The Averaged SAR Values at 2.45 GHz of the Antenna with AMC
Surface (Diode Is ON).
Figure 4.22: The averaged SAR values at 2.45 GHz of the Antenna with AMC Surface
(Diode Is OFF).
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Figure 4.23: The Averaged SAR Values at 3.3 GHz of the Antenna with AMC Surface
(Diode Is OFF).
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Chapter 5
FLEXIBLE PERFORATED HIGH IMPEDANCE SURFACE
Electromagnetic bandgap (EBG) structures are used to suppress the Surface Wave
(SW) propagation in printed antenna systems. Although there are several dierent
types of EBG structures, not all of them can be utilized in exible electronic appli-
cations. As a promising exible EBG structure, Perforated High Impedance Surfaces
(PHISs), which also function as Articial Magnetic Conductor (AMC) surfaces, are
reported. This chapter presents a PHIS, which suppresses SWs in more than one
direction. The geometry of the perforations and patches are optimized to overlap the
reection phase and the SW suppression bands. The coupling between two microstrip
antennas, each placed on other side of the PHIS, is discussed and a square loop ra-
diator is also designed and simulated over the surface, which show that the proposed
design can be used for both coupling reduction between radiating elements and as a
ground plane for low prole applications.
5.1 Introduction
For most antenna applications, Surface Waves (SWs) are not desirable since they
may reduce the performance of wireless systems. To name a few, they may distort the
radiation patterns and can introduce scan blindness in antenna array applications [34],
[52]. To overcome this problem, Electromagnetic Band Gap (EBG) structures have
been proposed for SW reduction. For example, mushroom surfaces with vias behave
as two dimensional left-handed structures where they reduce the SW propagation
within a certain band gap [48]. However, it is known that vias increase the cost and
86
complexity of fabrication. Moreover, EBG structures with vias are not recommended
for exible applications since then limit the exibility.
In the literature, several other EBG structures without vias are reported [53]. In
these structures, the patches are designed to create an equivalent inductance which
reduces the propagation of SWs without the need of vias. Other possible designs,
which suppress the SWs in the absence of vias, are Defected Ground Structures
(DGSs) [54]-[55]. In DGSs, the perforations on the ground plane are used to obtain a
band gap for SWs suppression. One drawback of these structures is that either they
do not behave as a High Impedance Surface (HIS) or their reection phase and SW
bands do not overlap. As a solution to this issue, Perforated High Impedance Surfaces
(PHISs) were reported in [56]-[58]. PHISs are capable of reducing SW propagation
and also the reection phase band is overlapped with the band of SW suppression.
Therefore, in this work, a PHIS is reported where the SWs can be suppressed in more
than one direction due to the rotational symmetry of the structure. In this chapter, we
address the scattering and SW propagation properties of PHIS by unit-cell reection
phase/magnitude and microstrip antenna coupling analyses.
In the literature, HISs were previously reported in [50], [59]-[62] where they are
being used as ground planes for radiating elements which are placed in close proximity
to those surfaces; and results in antenna design miniaturization. Furthermore, these
surfaces improve the radiation characteristics of antennas because they behave as
AMC surfaces over a band of frequencies. For the proposed PHIS design, it is desired
for the surface to reduce the SWs propagation between antennas and also to be used
as a ground plane for low prole applications. Thus, a square loop element is designed
over the PHIS to demonstrate the in-phase reection characteristic of the surface.
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Figure 5.1: Geometry of DGS With Square Slots.
5.2 Design Procedure of a PHIS
The proposed PHIS can be considered as a DGS. As shown in Fig. 5.1, the ground
plane of the structure is periodically perforated by square slots whose width (d) is
smaller than the period (P). For this type of structure, the suppression of SW is due
to Bragg diraction [63]. When the periodicity is P = /2, the elds that are reected
from each slot interact constructively leading to a strong reection. This signicantly
reduces the SW propagation.
In [58], a PHIS with dumbbell shaped slots is reported, where SW suppression
is achieved in only one direction. Here we adopt square shaped defects which allow
the structure to be symmetrical; hence SW suppression can be achieved in more
than one direction. Fig. 5.2 depicts a unit cell of the PHIS where the dashed and
solid lines outline the square slots on the ground and the patches on the top surface,
respectively. Fig. 5.3 displays the geometry of the proposed PHIS. It is known
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Figure 5.2: Geometry of the Unit-cell of Modied Surface.
Figure 5.3: Geometry of Perforated High Impedance Surface.
that the reection phase and SW suppression bands depend on the geometries of
the patches and perforations. Therefore, the dimensions of the perforations and
patches are chosen carefully to overlap these bands of the reection phase and the
SW suppression. Since the PHIS is proposed as a promising exible EBG structure
where the metallic vias are eliminated but still the surface can still be used for SWs
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Figure 5.4: a) Reection Magnitude of the Unit Cell. b) Reection Phase of the Unit
Cell.
suppression, it is designed and simulated on a exible substrate Rogers (RO3003)
[r = 3, tan() = 0.0013 and h = 1.52 mm]. Fig. 5.4 illustrates the numerical
results for the reection phase and magnitude of the unit cell for dierent perforation
widths (d). It can be seen that the center frequency decreases when the slot size
increases. Likewise, the magnitude of the reection coecient is smaller when the
perforation size is larger. Furthermore, the bandwidth is larger when the size of the
perforations increases due to the additional inductance from the perforations. For
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a conventional HIS surface, the center frequency and bandwidth are proportional to
1/
p
(LC) and
p
(L=C), respectively [49]. Thus, for the PHIS unit cell, the center
frequency decreases and the bandwidth increases if the perforation size increases, and
this is due to the additional inductance. Since the structure is rotationally symmetric,
the reection phase is polarization independent. For the dimensions given in Fig. 5.2
and the optimized perforation size is (d = 5.5 mm), the surface has a center frequency
(zero reection phase) at 9.9 GHz and the reection phase band is 3.6 GHz (36%).
The magnitude of the reection coecient is around -1.25 dB at the center frequency
due to the presence of the perforations.
To demonstrate the SWs suppression of the proposed PHIS, the mutual coupling
between two microstrip patches (placed on either side of the PHIS) is simulated. The
schematic drawing of the simulation geometry to demonstrate the coupling reduction
between the microstrip patch antennas is displayed in Fig. 5.5. The PHIS is placed
between two coax-fed microstrip patches which each has a resonant frequency of 10.2
GHz, as shown from the simulated return loss (S11) in Fig. 5.6, and the ground plane
is not perforated. A comparison of the mutual coupling (S12) between the antennas
is displayed in Fig. 5.6; there are no patches or perforations between the microstrip
antennas for the reference case. As indicated in the gure, the proposed PHIS reduces
the mutual coupling by about 40 dB. To examine the surface for conformal applica-
tions, it is simulated when it is curved with a radius of curvature of about 2. Fig.
5.7 shows the schematic drawing of the simulated curved PHIS where two microstrip
elements are used to study the coupling of the curved conguration. A comparison
between the coupling of the at and curved congurations are displayed in Fig. 5.8.
It is observed that the curved PHIS maintains the SW suppression and the coupling
is also reduced.
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Figure 5.5: Schematic Drawing of the Simulation Geometry to Demonstrate the Cou-
pling Reduction Between the Patch Antennas.
Figure 5.6: Mutual Coupling Reduction Between Two Patch Antennas.
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Figure 5.7: Curved Conguration of the Proposed PHIS.
Figure 5.8: A Comparison Between the Coupling Reduction of the Flat and Curved
Congurations.
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Figure 5.9: Square Loop Antenna over PHIS.
5.3 A Square Loop Antenna over PHIS
As discussed earlier, the articial ground planes, such as HISs, have been used
extensively for low-prole antenna applications. Therefore, the proposed PHIS is
also designed to be utilized as a ground plane for antennas. To demonstrate this
characteristic, a square loop element is placed in the vicinity of the PHIS, which is
considered as a square size ground plane (55.9 mm  55.9 mm) with 25 unit-cells
(5x5), and the dimensions of each unit-cell are shown in Fig. 5.2. Fig. 5.9 displays
the loop radiator over a PHIS ground plane where the side length of the square loop
is denoted by S.
To obtain the operational bandwidth of the PHIS, the side length (S) of the square
loop was varied. The frequency interval where the return loss is below -10 dB is the
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Figure 5.10: Return Loss of the Loop Antenna with Dierent Side Lengths (S).
considered operational bandwidth of the PHIS. The square loop antenna is placed at
a height of 0.025 over the surface, where the center frequency is 7.9 GHz. Fig. 5.10
exhibits the return loss of the square loop antenna with dierent side lengths, and it
indicates that the -10 dB operational bandwidth of the PHIS is about 41.7%. The
performance of the loop antenna is also examined over a Perfect Electric Conductor
(PEC) and compared with the PHIS. Fig. 5.11 shows a comparison between the
return loss of the antenna over PEC and PHIS ground planes. When PEC surface is
used as a ground plane, the return loss of the antenna is about - 2.5 dB at the 7.9 GHz
center frequency because the PEC has 180 degree reection phase where the current
of the image is in the opposite direction and ideally it cancels the direct radiation
resulting in very low radiation eciency. However when the PHIS is used, which has
a reection phase that varies from 180 to -180 degrees with frequency, the return
loss is about -30 dB and the loop radiator is well matched at the center frequency.
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Figure 5.11: A Comparison Between the Return Loss of Square Loop Antenna (S =
9 mm) over PHIS and PEC Ground Planes.
This indicates that the proposed PHIS serves as a desired ground plane for low prole
antenna applications. The input impedance of the antenna over PHIS is also displayed
in Fig. 5.12, and it validates that the antenna is matched to a 50-ohm coaxial cable
feed; the gain radiation pattern of the antenna over PHIS is also considered and shown
in Fig. 5.13. Since the antenna is mounted on a ground plane, most of the energy
is radiated in the forward hemisphere while the back radiation is reduced. However,
due to the perforations on the ground plane, there is some energy leakage producing
back radiation but still the front-to-back ratio is high around 19.5 dB for the designed
surface. Thus, the designer must consider the size of the perforations and the unit-
cell dimensions in order to reduce the amount of leakage. For the proposed design,
the peak gain of the antenna over PHIS at broadside ( = 0) is about 7 dB which is
considered a good gain for a square loop radiator above the PHIS ground plane.
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Figure 5.12: Input Impedance of the Square Loop Antenna (S = 9 mm).
Figure 5.13: Gain Pattern of the Square Loop Antenna over PHIS at the Center
Frequency 7.9 GHz.
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Chapter 6
CONCLUSIONS
In this research work, the exibility and the recongurability of antennas were
investigated and merged. A literature review on exible radiating elements and sub-
strates was performed to review the design techniques and requirements for them.
Another literature review was undertaken on recongurable antennas and their ap-
plications. Since the proposed exible antenna is based on the concept of CPW-fed
folded slot antennas, the concept of slot radiating elements and their complimentary
dipole elements were reviewed and compared. It was concluded that the printed
folded slot antenna is a good candidate as a reference radiator in this work due to
their attractive radiation characteristics, such as a large bandwidth. Also, they can
be used to match and reduce the slot impedance as discussed in Chapter 2. Another
advantage is the CPW technique, where the radiating element and ground plane are
printed on the same side of the substrate. This is recommended for the integration
of active devices to antennas printed on very thin exible substrates.
The proposed inkjet-printed exible recongurable antenna was designed and fab-
ricated on a exible PET substrate, to be used for wireless conformal applications
as discussed in Chapter 3 [47], [64]-[65]. It was fabricated using inkjet-printing tech-
nology due its fast, simple and inexpensive fabrication process. After that, a new
reconguration approach for folded slot antennas was proposed to recongure the
antenna. The approach is mainly based on using one PIN diode to adjust the stub
length inside the slot to change its symmetry with respect to the CPW feed line.
When the PIN diode is ON, the antenna has a single band operation at 2.42 GHz for
WLAN wireless applications, and the radiation is mainly from the slot itself. When
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the PIN diode is OFF, the antenna has a dual-band operation with two orthogonal
polrizations. The rst resonant frequency is at 2.36 GHz and it is belonged to the
slot. The second resonant frequency is at 3.64 GHz, and it is mainly from the asym-
metric stub. The antenna maintains a sucient bandwidth to be used for WLAN
and WiMAX wireless applications. It was designed and examined for both at and
curved conguration where it was mounted on circumferential and axial cylindrical
congurations to examine its performance when it used for conformal applications.
It was observed that the proposed radiating element maintained its exibility and
recongurability and good agreement was achieved between measured and simulated
results. The MIMO conguration of the proposed exible recongurable radiator was
also designed [66]. The radiating element was redesigned at either single band (2.4
GHz) or dual band (2.4/5.2 GHz) to be used for high speed internet applications.
Two orthogonal folded slot antennas are used to form the MIMO antenna system
which has a good isolation. The antenna system has a single band or dual-band op-
eration based on the state of the PIN diode. The proposed system can be used for
WLAN conformal wireless devices.
So far the exible recongurable antenna was designed for WLAN and WiMAX
wireless devices where the radiating element is required to have omni-directional
radiation patterns. However, the back radiation is not preferred for devices worn on
the human body. Thus, the proposed radiator has to be integrated with an isolator
to protect the human body from the back radiation. For that reason, the wearability
of the radiating element was investigated. A novel antenna design that merges the
exibility, recongurability and wearability of antennas in one design is proposed
as discussed in Chapter 4 [67]-[68]. Hence, the previous design has either single
band or dual band with two orthogonal polarizations based on the state of the PIN
diode. It was integrated with a polarization dependent AMC surface that also has
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dual band reection phase with two orthogonal polarizations. The proposed antenna
structure has a good impedance matching at the resonant frequencies. It was tested
for dierent congurations: at, curved and antenna on human body. It was observed
that the proposed antenna maintains its performance and has excellent radiation
characteristics. The AMC ground plane reduces the SAR level resulting in good
isolation between the antenna and the human body. The proposed radiating device
is exible, recongurable and wearable and it can be used for WBAN (2.45 GHz) and
WiMAX (3.3 GHz) body-worn wireless devices.
The reection phase and SW suppression properties of the proposed PHIS are
investigated as discussed in Chapter 5 [69]. It is shown that the choice of perfora-
tions and patches geometries is critical to overlap the bands of SW suppression and
reection phase. Using two microstrip patches on either side of the PHIS validates
that SW suppression can be achieved with the PHIS. Furthermore, a square loop
radiator is mounted over the surface to examine its performance as a ground plane
for low-prole antenna applications. The results indicate that the proposed struc-
ture is a good candidate for exible antenna applications since the metallic vias are
eliminated.
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Chapter 7
FUTURE WORK
The recommendations and the future work of the current research on exible,
wearable and recongurable antennas are discussed as the following:
 The MIMO conguration of the proposed exible recongurable antenna was
investigated. Its performance was examined for the at conguration using
HFSS simulations only. The next step is to examine its performance for the
curved conguration. Measurements and fabrication of the proposed MIMO
design are also required. It is also recommended to characterize the proposed
design in order to examine the diversity performance. Since the coupling be-
tween the MIMO elements is critical, the Frequency Selective Surfaces (FSSs)
can be utilized to reduce the coupling and to improve the performance of the
MIMO antennas.
 The printed folded slot antenna antenna has a ground plane itself and when the
antenna mounted over the AMC surface, the coupling between the ground plane
of the antenna and the AMC surface may impact the behaviour of the AMC.
It may also impact the radiation eciency of the antenna. So far the height of
the antenna over the AMC and the geometry of the element were optimized to
overcome this design issue. Another recommended design is to reduce the size
of the ground plane and to redesign the antenna over the AMC surface.
 Since MIMO technology is widely used for wireless communication systems as
discussed in Chapter 3, the design of wearable recongurable MIMO antennas
which are integrated over AMC or EBG surfaces is recommended. EBG/AMC
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surfaces can be used to isolate the human body from the radiating elements and
to reduce the coupling between the radiators.
 So far the proposed PHIS was only designed and simulated using HFSS simu-
lator. The surface needs to be fabricated to compare and verify the simulation
results with the measurements. Also, since the main goal of this surface is to
use it for exible antenna applications, the surface is designed on a exible
substrate and it is recommended to be examined and measured for conformal
congurations. Moreover, the surface can be used as a ground plane for low-
prole antenna applications; and one square loop antenna was mounted on the
surface as discussed in Chapter 5. The next step is to design and mount more
than one element on the proposed surface, and to examine its performance as
an articial ground plane to those antennas and to reduce the coupling between
the radiating elements.
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